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Abstract

The goal of this study was to determine whether the sensory nature of a target influences the 

roles of vision and proprioception in the planning of movement distance. Two groups of subjects 

made rapid, elbow extension movements, either toward a visual target or toward the index fingertip 

of the unseen opposite hand. Visual feedback of the reaching index fingertip was only available 

before movement onset. Using a virtual reality display, we randomly introduced a discrepancy 

between actual and virtual (cursor) fingertip location. When subjects reached toward the visual 

target, movement distance varied with changes in visual information about initial hand position. 

For the proprioceptive target, movement distance varied mostly with changes in proprioceptive 

information about initial position. The effect of target modality was already present at the 

time of peak acceleration, indicating that this effect include feedforward processes. Our results 

suggest that the relative contributions of vision and proprioception to motor planning can change, 

depending on the modality in which task relevant information is represented.
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Introduction

It has been well established that information about initial hand position is essential for 

making accurate reaching movements (Desmurget et al. 1995; Ghez et al. 1995; Prablanc 

et al. 1979; Prodoehl et al. 2003). However, the relative contributions of vision and 

proprioception in providing such information remain unclear. The important role of vision 

in determining hand position prior to reaching movements is supported by studies that 

have compared movement accuracy between movements made with and without visual 

information (Brown et al. 2003a, b; Desmurget et al. 1995, 1997; Elliott et al. 1991; 

Prablanc et al. 1979). In addition, distorting visual feedback of initial hand position produces 

systematic effects on movement endpoints (Holmes and Spence 2005; Rossetti et al. 1995; 

Sainburg et al. 2003; Sober and Sabes 2003). This line of research has emphasized the 
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important role of vision in defining the initial position of the hand for planning reaching 

movements.

The importance of proprioception in providing information about initial arm configuration 

has been demonstrated by the occurrence of configuration-dependent movement errors in 

proprioceptively deafferented patients (Ghez et al. 1995). Nougier et al. (1996) directly 

assessed the importance of proprioceptive information about initial limb configuration 

by mechanically perturbing the arm posture in deafferented patients prior to movement 

onset. Following the perturbation, movement distance reflected the visually displayed target 

distance relative to the initial position. This suggested that movements are planned as a 

displacement that is adjusted to the proprioceptively-derived hand position, rather than 

an absolute final position. Supporting an important role of proprioception in determining 

starting hand position, Larish et al. (1984) showed that when the arm muscles of 

neurologically intact subjects were vibrated prior to movements, final position was 

systematically and predictably altered. These findings demonstrate an essential role of 

proprioception in providing initial configuration information for planning movements. While 

it is clear that both vision and proprioception play important roles in providing information 

about initial limb conditions, the two modalities provide spatial information in quite 

different coordinate frameworks, and it is still not well understood how both signals are 

combined in the planning of goal-directed arm movements.

Multisensory integration in the control of reaching movements toward visual targets 

has been a topic of growing interest in the past decade and has been investigated in 

conditions where visual and proprioceptive signals of initial hand position are dissociated 

experimentally. In a seminal experiment, Rossetti et al. (1995) used optical prisms to 

create a visuo-proprioceptive mismatch during motor preparation. In this study, movement 

direction was not determined on the sole basis of initial visual or proprioceptive signals, 

but rather on the basis of a weighted combination of both. More recently, our laboratory 

employed a virtual-reality environment to create a visuo-proprioceptive mismatch and 

thereby investigated the contribution of each modality to the control of both movement 

direction and distance (Sainburg et al. 2003). In that study, we manipulated starting hand 

location while visual start location remained constant. Regardless of hand start location, 

movement direction remained constant, in accord with the visually displayed start location. 

In contrast, when hand start location was varied such that the projection of the new position 

onto the target line was increased or reduced, movement amplitude was proportionally 

adjusted. Thus, visual information played a primary role in directional control while 

proprioception played a substantial role in distance control. Because these effects were 

already present at peak velocity, we suggested that they might reflect planning processes.

In a follow-up study, starting hand position remained constant, and visual start location 

was varied (Lateiner and Sainburg 2003). This design allowed us to assess how visual 

information of initial hand position effected movement planning. In this case, initial 

movement direction, but not distance, varied according to the visual start location. A 

similar study of Sober and Sabes (2003) confirmed that visual information of initial hand 

position was predominantly used to determine initial movement direction. Taken together, 

these findings support the idea that vision contributes predominantly to direction planning 
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when movements are performed toward visual targets. Proprioception appears to play a 

more substantial role in planning movement distance. The fact that each sensory modality 

contributes differentially to direction and distance planning is not surprising, given the 

evidence that movement direction and extent appear to be controlled through distinct neural 

processes, as reflected by both behavioral (Blouin et al. 1993; Bock and Arnold 1993; Ghez 

et al. 1999; Krakauer et al. 2000; Paillard 1996; Rosenbaum 1980; Soechting and Flanders 

1989b; Vindras et al. 2005) and neurophysiological studies (Desmurget et al. 2004; Fu et al. 

1995; Georgopoulos et al. 1983; Messier and Kalaska 2000; Riehle and Requin 1989; Turner 

and Anderson 1997).

Relatively few studies have investigated how the sensory nature of a target might influence 

the planning and control of goal-directed arm movements. Flanders and Cordo (1989) and 

Adamovich et al. (1998) both observed that the accuracy of motor responses was similar for 

visual and proprioceptive targets. In fact, Adamovich et al. (1998) suggested that planning 

strategies might be similar irrespective of target modality. In contrast, Sober and Sabes 

(2005) showed recently that the planning of movement direction depends directly on the 

sensory nature of the target. These authors tested whether the contributions of visual and 

proprioceptive information of starting hand position varied with the modality in which 

the target was presented. A visuo-proprioceptive mismatch was introduced before subjects 

reached either to a visual target or to their unseen opposite hand. When reaching for a 

visual target, vision dominated the direction planning process, but when reaching for a 

proprioceptive target, proprioception was dominant. Sober and Sabes (2005) focused on 

movement direction, but did not examine the planning of movement distance. Because 

we have shown that the planning of distance and direction are two aspects of movement 

planning that appear to rely differently on visual and proprioceptive information about hand 

position (Bagesteiro et al. 2006; Lateiner and Sainburg 2003; Sainburg et al. 2003), Sober 

and Sabes findings might not generalize to the control of movement distance.

The current study assessed the effect of target modality on both the feedforward and 

feedback control of movement distance during single-joint targeted movements. By 

restricting movements to the elbow joint, we were able to eliminate demands for direction 

planning, as well as to differentiate planning from online processes. This is because 

the feedforward and feedback contributions to the control of rapid, single-joint elbow 

movements have previously been well characterized (Bagesteiro et al. 2006; Brown and 

Cooke 1981; Ghez 1979; Gielen et al. 1985; Gordon and Ghez 1987a, b; Gottlieb et al. 

1989; Prodoehl et al. 2003; Sainburg and Schaefer 2004). When subjects reach for visual 

targets located at different distances, peak acceleration and peak velocity scale with, and 

thus predict, movement distance. When a perturbation such as a load is unexpectedly 

applied to the arm near movement initiation, peak acceleration is unaffected by feedback 

mechanisms indicating that it reflects, feedforward processes. In contrast, acceleration 

duration (time to peak velocity) is substantially modified through feedback mechanisms 

(Brown and Cooke 1981). Similarly, in a targeted force task, when assessed across 

movements to a single force target, time to peak force has been shown to scale inversely 

with peak force, presumably compensating errors in movement planning (Gordon and Ghez 

1987b). Taken together, this line of evidence suggests that force or acceleration amplitude 
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reflects feedforward processes, whereas time to peak force or acceleration is substantially 

influenced by online error correction mechanisms.

In the present study, two groups of participants aimed either at a visual or a proprioceptive 

target, using rapid elbow extension movements. A mismatch was randomly introduced 

between visual and proprioceptive information of initial hand position. An original feature 

of the current paradigm is that we varied both initial visual and proprioceptive information 

of starting hand position with equal frequencies to prevent any bias toward a single sensory 

modality or even veridical conditions. This design allowed a direct assessment of both visual 

and proprioceptive contributions to motor performance, without making assumptions such 

as that visual and proprioceptive contributions must sum up to 100%. That is, we allowed 

the possibility of over-additive or under-additive interactions of visual and proprioceptive 

information of hand position.

We hypothesized that distance planning would rely on the modality that is used for target 

localization. This is based on the idea that the nervous system attempts to minimize 

errors that arise from transformations between visual and proprioceptive reference systems 

(Adamovich et al. 1998; Sober and Sabes 2005; Soechting and Flanders 1989a). This 

hypothesis leads to two predictions: (1) when reaching movements are performed toward a 

visual target, vision of initial hand position should strongly influence movement distance; 

(2) when reaching movements are performed toward a proprioceptive target, vision of initial 

hand position should not influence distance control because distance can be determined on 

the sole basis of proprioceptive information.

Methods

Subjects

Twelve neurologically intact adults, with normal or corrected-to-normal vision, participated 

in the present study. All subjects were right-handed, as indicated by laterality scores on a 

12-item version of the Edinburgh Inventory (Oldfield 1971), and were naive to the purpose 

of the experiment. Subjects, 160–178 cm tall, were randomly assigned to each group. One 

group of three females and three males, from 20 to 37-years-old (mean and SD = 26 ± 6), 

performed reaching movements toward a visual target. One other group of three females 

and three males, from 20 to 34-years-old (mean and SD = 26 ± 6), reached toward a 

proprioceptive target. Informed consent was solicited prior to the paid participation, which 

was approved by the Biomedical Institutional Review Board of the Pennsylvania State 

University (IRB # 15084).

Experimental set-up

Figure 1a illustrates the set-up used for this experiment. Subjects sat with the right arm 

supported over a horizontal surface, positioned just below shoulder height, by a frictionless 

air-jet system. A visual display was projected on a horizontal back-projection screen located 

above the arm. A mirror, positioned parallel to and below this screen, reflected the visual 

display, so as to give the illusion that the display was in the same horizontal plane as the 

fingertip. A bib, running from the subjects’ neck to the edge of the mirror, blocked the view 
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of the shoulder and the upper-arm. This set-up assured that subjects could not see their arms 

during the experimental session and the virtual reality environment allowed manipulation of 

the visual feedback of the right index fingertip position. All that subjects could see was a 

green start circle, a cursor representing the fingertip position and, possibly, a visual target 

depending on the experimental condition.

For the right arm, all joints distal to the elbow were immobilized. The index finger was 

splinted in an extended position, the wrist joint was immobilized using an adjustable 

splint and the upper arm was immobilized by a brace (shoulder angle of 55°), restricting 

arm movements to the elbow joint (see Fig. 1a). Therefore, index fingertip position and 

elbow angle were linearly related. In addition, movements of the trunk and scapula were 

restricted using a butterfly-shaped chest restraint attached to subject’s chair. Position and 

orientation of each limb segment was sampled using the Flock of Birds® (FoB – Ascension 

Technology) electro-magnetic six degree of freedom movement recording system. A sensor 

was attached to the upper arm segment via an adjustable plastic cuff, while another sensor 

was fixed to the air sled where the forearm was fitted. The sensors were positioned 

approximately at the center of each arm segment. A stylus rigidly attached to a FoB sensor 

was used to digitize the positions of the following three landmarks: (1) a point located 

on the distal phalange of the right index finger, 43 cm away from the elbow joint, i.e., 

landmark 2; (2) the lateral epicondyle of the humerus; (3) the acromion, directly posterior 

to the acromio-clavicular joint. Landmark 1 was chosen so that movements were similar 

irrespective of subject’s forearm length (same starting and target positions). The recorded 

coordinates of the right index fingertip were used to project a cursor (cross hair, 1.4 cm 

diameter) onto the screen. Screen redrawing occurred at 85 Hz, fast enough to maintain 

the cursor centred on the moving fingertip when visual feedback was given. Digital data 

were collected at 103 Hz using a Macintosh computer. Custom computer algorithms for 

experiment control and data analysis were written in REAL BASIC™ (REAL Software, 

Inc.), C and IGOR Pro™ (WaveMetrics, Inc.).

Experimental task

The experimental session consisted of 90 elbow joint extension movements from a starting 

location corresponding to 90, 97.5 or 105° of elbow angle, toward a target positioned at 

122.5° of elbow angle. Thus, three different starting positions were employed, requiring 

three different target distances in the various experimental conditions. In our study, 32.5, 

25 and 17.5° of elbow excursion corresponded to 20.2, 15.1 and 10.3 cm of movement 

distance, respectively. Subjects were instructed to move the hand to the target using a 

“single, uncorrected, rapid motion”. One group of subjects was asked to reach with the right 

index fingertip to a visual target consisting of a visual circle (2.0 cm diameter) displayed on 

the screen. The other group of subjects was requested to reach with the right index fingertip 

toward their unseen left index fingertip. In this case, before each reaching movement, the 

left arm of the subject was gently guided by an experimenter toward a tactile landmark 

(corresponding precisely to the visual target position used for the other group) placed below 

the mirror. The left arm was then released by the experimenter and the subject had to 

actively maintain the contact between the left index fingertip and the landmark. There were 
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no instructions about eye movements in the present study, and eye movements were not 

recorded.

At the beginning of each trial, a green start circle (2.0 cm diameter) was displayed. 

The cursor providing visual feedback about the right index fingertip position, was to be 

positioned in the start circle for 300 ms (see Fig. 1b). At the presentation of an audiovisual 

“go” signal, subjects had to reach for the (visual or proprioceptive) target. The cursor 

was blanked at the “go” signal, so visual feedback of the right index fingertip was only 

available before movement onset. Once the reaching movement was completed, the reaching 

(right) arm, and the target (left) arm for the group reaching toward a proprioceptive target, 

was brought to a random position for a short rest. Note that when subjects reached with 

their right hand toward their unseen left fingertip, the two hands never came into contact. 

Between trials, cursor feedback was only provided when the fingertip was within a 3 cm 

radius of the center of the start circle. This was done to prevent adaptation to altered visual 

feedback. Despite the fact that movements were restricted to the elbow joint, subjects could 

easily perform the movement. Subjects were given 30 practice trials to comply with the 

requirements of the task, qualified by all subjects as easy and comfortable.

The schematic shown in Fig. 1b depicts the relationship of the subjects’ finger position to 

the cursor position during two tested conditions. The left illustration represents a veridical 

trial, during which fingertip and cursor positions matched accurately while the fingertip was 

to be positioned in the start circle. The experimental manipulation of this study consisted 

in the random introduction of a discrepancy between actual and seen fingertip location in 

starting position (e.g., −7.5° of elbow angle as shown on the right illustration of Fig. 1b). 

In this condition, two plausible results might occur: (1) if subjects use the proprioceptive 

information of fingertip position, they will reach accurately to the target; (2) if subjects use 

the visual information of initial fingertip position (i.e., cursor location), they will overshoot 

the target by 7.5°.

Figure 1c shows that three conditions (F1C1, F2C2 and F3C3) were “veridical” conditions 

while in six experimental conditions, a visuo-proprioceptive mismatch was introduced (7.5 

or 15° of elbow angle, in either direction). Within the 90 trials, nine different conditions 

(i.e., 3 cursor starting positions × 3 fingertip starting positions) were interspersed in a 

pseudo-random manner, and the same experimental condition was never presented twice in a 

row. The design of this study produced ten trials for each of the conditions tested. Subjects 

had no prior information about the mismatch.

Data analysis

The 3D positions of the right fingertip, elbow, and shoulder were calculated from sensor 

position and orientation data. Then, elbow and shoulder angles were calculated from 

these data. All kinematic data were low pass filtered at 8 Hz (third order, no-lag, dual 

pass Butterworth), and differentiated to yield velocity and acceleration values. Each trial 

usually started with the hand at zero velocity, but small oscillations of the hand sometimes 

occurred within the start circle. In this case, the onset of movement was defined by the 

last minimum (below 8% maximum tangential hand velocity) prior to the maximum in the 

hand’s tangential velocity profile. Movement termination was defined as the first minimum 
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(below 8% peak velocity) following peak velocity. Visual inspection was performed on 

every single trial to ensure that movement onset, peak acceleration, peak velocity and 

movement termination were correctly determined.

The following measures of task performance were analyzed: peak acceleration, peak 

velocity, time to peak acceleration, time to peak velocity, movement duration and distance 

traveled up to peak tangential acceleration, up to peak tangential velocity and up to 

movement termination. Movement distance was calculated as the 2D distance between the 

start and the final locations of the fingertip. Distances at peak acceleration and peak velocity 

were similarly determined between the start location of the fingertip and its location at peak 

acceleration and peak velocity, respectively.

For each group of subjects, dependant measures of movement distance, velocity, acceleration 

and time were submitted to 3 × 3 [Cursor (Start position C1, C2, C3) × Fingertip 

(Start position F1, F2, F3)] analyses of variance with repeated measures. To study the 

effect of vision of initial position, the effect of modifying the starting cursor location, 

while the starting hand position remained constant, was analyzed. To study the effect of 

proprioception of initial hand position, we analyzed the effect of varying the starting hand 

location while the starting cursor location remained constant (see Fig. 1c). In order to 

assess the relative contributions of vision (i.e., initial cursor position) to distance control, 

movement distance was determined, within each subject, for each experimental condition, 

and was then averaged across start position for the cursor or the fingertip (e.g., F1C1, F2C1 

and F3C1 conditions were averaged to obtain the mean movement distance when the cursor 

was in start position C1). We then calculated the difference between the mean movement 

distances observed when the cursor was in start position 1 and 3 (C1–C3; see Fig. 2b) to 

assess the effect of changes of initial visual information of hand position across the range of 

experimental manipulations. Similarly, the difference F1–F3 was used to assess the effect of 

initial proprioceptive information on movement kinematics. In addition, the mean difference 

under veridical conditions (i.e., between F1C1 and F3C3 conditions) was calculated within 

each subject. The ratio of mismatched to veridical mean differences [e.g., (C1–C3)/(F1C1–

F3C3)] was then calculated to yield the percent contribution of each modality to distance 

control. The contributions were then averaged across subjects. This analysis was performed 

for movement distance up to peak acceleration, peak velocity and movement end to assess 

the contributions of vision and proprioception throughout the movement. For all analyses, 

statistical significance was tested using an alpha value of 0.05 and Tukey’s method was used 

for post-hoc analysis.

Results

Experiment 1: When reaching toward a visual target, visual information of initial position 
predominantly influences movement planning

Figure 2a displays typical hand paths for movements under veridical conditions, and 

illustrates the results of the experiment 1. When subjects reached for a visual target with 

their unseen arm, they overshot the target by 4.0 cm on average in veridical conditions. 

This is consistent with our previous studies of unseen planar movements under low friction 

conditions (e.g., Bagesteiro et al. 2006; Lateiner and Sainburg 2003; Sainburg and Schaefer 
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2004; Sainburg et al. 2003). More importantly, Fig. 2 shows that movement distance varied 

greatest with changes in the visual information of initial hand position. The ANOVA 

revealed significant effects of initial cursor position (i.e., vision; F2, 40 = 156.7; P < 0.001) 

and hand position (i.e., proprioception; F2, 40 = 59.3; P < 0.001), with no significant 

interaction between these factors (F4, 40 = 0.7; P = 0.60). Movement distance significantly 

increased as the cursor was displayed further from the target, independently of actual hand 

position (see Table 1). Our analysis of contributions (see Methods) indicated that visual 

information of initial hand position accounted for 60 ± 12% (mean ± between-subject SD) of 

movement distance control. Initial finger position significantly affected movement distance, 

but proprioceptive information of hand position contributed only 37 ± 11%.

The effects of vision and proprioception observed on the distance of the rapid reaching 

movements (mean movement duration = 560 ± 93 ms) toward visual targets were already 

present at the time of peak velocity (mean = 234 ± 38 ms). Figure 3 shows representative 

velocity and acceleration profiles. We observed that peak velocity varied according to the 

cursor start location (F2, 40 = 58.5; P < 0.001). Post hoc analysis (Tukey’s method; P < 

0.05) revealed that as the distance between the visual target and the cursor increased, peak 

velocity increased (means = 0.76 ± 0.13 and 0.96 ± 0.14 m/s for cursor positions C3 and 

C1, respectively; mean of within-subject differences = 0.20 m/s). Peak velocity also scaled 

with the distance between the visual target and the actual starting hand position (F2, 40 = 

21.2; P < 0.001; means = 0.81 ± 0.11 and 0.93 ± 0.15 m/s for finger positions F3 and 

F1, respectively; Tukey’s method; P < 0.05), but the mean difference, considered to be an 

indicator of the proprioceptive contribution, was reduced (mean = 0.12 m/s). In fact, visual 

information of initial hand position contributed 60 ± 12% of the movement distance traveled 

up to peak velocity, while proprioceptive information of hand position accounted for only 

37 ± 12%. There was no signiWcant interaction between visual and proprioceptive starting 

hand positions (F4, 40 = 2.0; P = 0.10).

For movements toward a visual target, peak acceleration varied according to the cursor start 

location (F2, 40 = 10.5; P < 0.001). When the cursor was at starting position C1, peak 

acceleration was significantly greater than that when the cursor was initially at position 

C3 (Tukey’s method; P < 0.05). The effect of proprioceptive information of initial Wnger 

position on peak acceleration was marginally significant (F2, 40 = 2.8; P = 0.07) and there 

was no significant interaction between visual and proprioceptive information of starting 

hand position (F4, 40 = 1.8; P = 0.54). In summary, the analysis of peak acceleration suggests 

that the distance of the unseen movements performed toward visual targets was mainly 

planned on the basis of visual information of starting hand position.

Experiment 2: When reaching toward a proprioceptive target, mainly proprioceptive 
information of initial position influences movement planning

Figure 4 shows that subjects were fairly accurate when asked to move their right index 

fingertip toward their left index fingertip. In veridical conditions, they overshot the target-

fingertip by 1.5 cm on average, which was substantially more accurate than movements 

made toward visual targets (F2, 20 = 5.4; P < 0.05). The better accuracy was not due to 

either lower movement speeds, nor longer movement durations, as peak velocity (mean 
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= 0.81 ± 0.21 m/s) and movement duration (mean = 536 ± 82 ms) were not statistically 

different for movements toward proprioceptive and visual targets (there was no significant 

main effect nor significant interaction; P > 0.05). When reaching toward a proprioceptive 

target, variability of movement distance (mean = 2.0 cm) was not significantly different than 

that measured when reaching toward a visual target.

In striking contrast to what was observed when subjects reached toward visual targets, vision 

of the cursor starting position did not play a substantial role in the control of movement 

distance (see Fig. 4 and Table 2). The ANOVA revealed significant effects of initial cursor 

position (i.e., vision; F2, 40 = 9.7; P <0.001) and hand position (i.e., proprioception; F2, 40 

= 219.3; P < 0.001), with no significant interaction between these factors (F4, 40 = 0.3; P 
= 0.85). However, post hoc analysis revealed that movement distance mainly varied with 

initial finger position. Indeed, proprioceptive information of hand position contributed to 82 

± 10% of the distance moved toward the proprioceptive target. Concerning the role of vision 

in distance control, movement extent was significantly, but only slightly greater when the 

cursor was in starting position C1 compared to C3 (Tukey’s method; P < 0.05). In fact, the 

relative contribution of visual information to movement distance, as compared with veridical 

conditions, was only 17 ± 12%.

Figure 5 shows that peak velocity varied greater with the finger start location, as compared 

with the cursor start location. Our ANOVA revealed a significant effect of vision (F2, 40 

= 10.4; P < 0.001) on peak velocity, which was greater when the cursor was positioned 

at C1 (mean = 0.77 ± 0.12 m/s), as compared with C3 (mean = 0.73 ± 0.12 m/s; Tukey’s 

method; P < 0.05). However, the mean difference was only 0.04 m/s. In contrast, peak 

velocity varied substantially with finger position (F2, 40 = 151.1; P < 0.001), such that the 

average difference in peak velocity for starting finger position F1 (mean = 0.87 ± 0.13 m/s) 

and F3 (mean = 0.65 ± 0.10 m/s) was 0.22 m/s (Tukey’s method; P < 0.05). Proprioceptive 

information of hand position accounted for 82 ± 10% of the movement distance traveled up 

to peak velocity, while visual information of starting hand position only contributed 17 ± 

12%. There was no significant interaction between visual and proprioceptive information of 

starting hand position (F4, 40 = 0.5; P = 0.72).

When subjects reached for proprioceptive targets, peak acceleration varied mostly with 

finger start location, as illustrated by Fig. 5 (bottom row). Indeed, there was a significant 

effect of finger start location on peak acceleration (F2, 40 = 11.6; P < 0.001), which was 

greater when the finger position was F1 (mean = 6.0 ± 1.2 m/s2) compared to F3 (means = 

5.2 ± 1.2 m/s2; Tukey’s method; P < 0.05). Peak acceleration also varied with cursor starting 

location (F2, 40 = 3.7; P < 0.05). However, post hoc analysis revealed that this was not due 

to a monotonic change across cursor start locations. Peak acceleration was significantly, but 

not substantially greater when initial cursor position was C2 (mean = 5.7 ± 1.2 m/s2) as 

compared to C3 (mean = 5.3 ± 1.2 m/s2; Tukey’s method; P < 0.05), while there was no 

significant difference between peak acceleration when the cursor was positioned at C3 or 

C1 (mean = 5.6 ± 1.3 m/s2; Tukey’s method; P > 0.05). Proprioceptive information of hand 

position contributed 76 ± 23 % of the movement distance traveled up to peak acceleration, 

while visual information of starting hand location accounted for 20 ± 10%. There was 
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no significant interaction between visual and proprioceptive information of starting hand 

position (F4, 40 = 0.2; P = 0.95).

Figure 6 summarizes our results for reaching movements toward proprioceptive and visual 

targets, showing the interaction between the sensory contributions to distance control and 

the nature of the target. It can be seen that the patterns of interaction looked very similar 

whether assessed at peak acceleration or peak velocity. When subjects reached for a 

proprioceptive target, movement kinematics relied mostly on proprioceptive information of 

hand position. When subjects reached for a visual target, movements were controlled mainly 

on the basis of visual information of starting position.

Discussion

The present study investigated the contributions of visual and proprioceptive information 

of hand position to the planning of movement extent toward visual and proprioceptive 

targets. By presenting various discrepancies between visual and proprioceptive information 

about initial hand position, we were able to examine the relative roles of each modality 

in reaching toward targets. In veridical conditions, movements made toward proprioceptive 

targets were more accurate than those made toward visual targets, suggesting that the coding 

of information under each target condition might be different. We observed that the distance 

of movements made toward visual targets varied predominantly with visual information 

about initial hand position. Peak acceleration, a measure reflecting feedforward mechanisms, 

varied largely with initial visual information, supporting recent results (Bagesteiro et 

al. 2006). We conclude that the planning of movement distance toward visual targets 

was predominantly based on visual information of starting hand location. In contrast, 

when subjects reached toward proprioceptive targets, peak acceleration varied more with 

proprioceptive than with visual information. Taken together, our results indicate that the 

roles of visual and proprioceptive information about initial hand position vary with the 

modality in which the target is presented.

An interesting finding of the present study was that our calculations of visual and 

proprioceptive contributions to planning summed up to approximately 100%. This was not 

necessary, as it is plausible that visuo-proprioceptive integration could be under-additive or 

over-additive. For example, van Beers et al. (1996) showed that the contribution of vision 

and proprioception was different than the sum of the separately assessed contributions. 

These authors showed that the variance of hand localization with visual and proprioceptive 

information was smaller than expected from a simple additive or exclusive model. In 

examining the relative roles of each modality for planning movement direction, Sober 

and Sabes (2003, 2005) employed a model that was based on the assumption that the 

contribution of each modality summed to 100%. The current experiment was designed to 

address this discrepancy in the literature. It is plausible that this discrepancy is explained 

by the difference between the processes that determine sensory integration for conscious 

reporting of hand location and those used for planning movements. Our data suggest that 

visual and proprioceptive contributions do sum to nearly 100%, supporting the model of 

Sober and Sabes (2003). While our data differed slightly from a 100% sum (from 96 to 
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99%), this variation was consistent with the amplitude of our computed standard errors, and 

likely reflected measurement error.

Differential contributions of vision and proprioception to two stages of motor planning

Previous studies examining the planning of reaching movements have supported the view 

of a two-stage process in which a general kinematic plan is first determined by comparing 

initial hand position to target position. Following this stage, a dynamic transformation 

process generates motor commands that result in the forces required to produce the desired 

motion. The idea that these two stages of planning are different is supported by studies 

demonstrating differential use of sensory information for each stage of planning (Lateiner 

and Sainburg 2003; Sainburg et al. 2003; Sober and Sabes 2003, 2005).

In a previous study, we provided substantial support for this two stage model, using a 

similar proprioceptive/visual mismatch design to that used in the current study (Sainburg 

et al. 2003). Our results indicated that subjects planned the direction of movement based 

on visually detected start position, but adapted that plan to the actual position of the 

hand in order to accurately produce the intended direction from a variety of different 

limb configurations. Inverse dynamics analysis revealed substantial changes in joint torque 

patterns across the different starting limb configurations. These different joint torque 

strategies reflected the changes necessary to produce the same direction movements from 

different limb configurations. While both visual and proprioceptive information were used 

in planning movements, each modality played a dominant role in a different stage of 

planning. Because the direction of movement was perfectly adapted to the direction of 

the target relative to the cursor start location, this direction plan was entirely determined 

by visual information about hand location. However, because joint torque profiles were 

modified across different limb configurations in order to maintain the same movement 

direction, limb configuration information must have been accurately assessed through 

proprioceptive channels. These findings imply that both modalities provide separate but 

accurate information about visual or proprioceptive start position at different stages in the 

planning process.

While supported by the model of Sober and Sabes (2003), our findings contradicted the 

idea that information from each modality is fused to provide a weighted average position, 

as suggested by van Beers et al. (1996, 1999). If that were the case, direction would have 

been influenced by hand location, and dynamic transformations would have been inaccurate, 

resulting in variations in movement direction across limb configurations. In a recent study, 

we extended these findings to the planning of movement distance during a single-joint task 

(Bagesteiro et al. 2006). In agreement with our current findings for visual targets, when 

subjects reached from different starting locations, they adjusted acceleration amplitudes to 

the intended distance between the target and the displayed cursor location. In line with 

our multi-joint study (Sainburg et al. 2003), this must have required variations in the 

dynamic strategy that resulted in different torque profiles to produce the same amplitude 

displacement. These findings extend previous findings in deafferented patients indicating 

a substantial role of proprioception in anticipating the effects of limb dynamics, a process 
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that likely requires some sort of inverse dynamics computation (Sainburg et al. 1993, 1995, 

1999).

In contrast to the previously reviewed findings for reaching toward visual targets, Sober 

and Sabes (2005) recently showed that when proprioceptive targets were presented, 

proprioceptive information of starting hand position played the major role in both stages 

of planning. Our current empirical findings complement the model of Sober and Sabes 

(2005) and extend these findings to the planning of movement distance, a process which 

has previously been associated with neural processes that are distinct from those underlying 

direction planning (Desmurget et al. 2004; Favilla et al 1989; Fu et al. 1995; Rosenbaum 

1980; Sainburg et al. 2003; Soechting and Flanders 1989b). Indeed, our current results 

indicate a dominant role of visual information of starting hand position in planning 

the distance of movements toward visual targets, and a dominant role of proprioceptive 

information in distance planning toward proprioceptive targets.

In our previous studies (Lateiner and Sainburg 2003; Sainburg et al. 2003), the planning 

of direction seemed to occur within extrinsic coordinates. This was supported by the fact 

that subjects produced the same initial movement direction from a variety of starting 

limb configurations. It is plausible that when reaching toward proprioceptive targets, the 

kinematic plan is specified in intrinsic coordinates. However, our current experimental 

design did not allow us differentiate between coordinate systems because intrinsic and 

extrinsic coordinates are linearly related for single-joint movements. Thus, further research 

is necessary in order to understand the reference frames used in planning reaching 

movements toward proprioceptive targets.

The persistent role of visual information in distance planning

It has previously been proposed that intermodality transformations of sensory information 

introduce a substantial source of errors in motor planning due to the heterogeneous nature 

of visual and proprioceptive coordinate systems (Adamovich et al. 1998; Darling and Miller 

1993; McIntyre et al. 2000; Soechting and Flanders 1989a, b; Sober and Sabes 2005). This 

idea suggests that under conditions in which subjects are able to plan a movement based 

entirely on a single modality, the contributions of other modalities would be minimized. 

While our findings for visual target reaching appear to support this hypothesis, our findings 

for reaching to proprioceptive targets do not. When subjects reached to a visual target, 

movements were primarily controlled on the basis of visual information of hand position, 

consistent with several previous findings (Baraduc and Wolpert 2002; Flanagan and Rao 

1995; Gentilucci et al. 1994; Scheidt et al. 2005; Wolpert et al. 1995). However, because 

proprioception is critical in transforming the kinematic plan into muscle level commands, it 

is difficult to conceive how this information could be disregarded. On the other hand, under 

our proprioceptive target condition, vision should not be necessary for any stage of planning. 

Nevertheless, under this condition, visual information persisted in playing a significant, 

yet small, role in distance planning, as reflected by variations in peak acceleration. This 

suggests that visual information persists in contributing to distance planning, even when 

this information is apparently unnecessary to complete the task. It is plausible that the 

persistence of visual contributions when reaching to visual targets might result from an 
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implicit internal visualization of task space that imposes some degree of intermodality 

integration. In support of this idea, Desmurget et al. (1995, 1997) previously demonstrated 

that visual information about initial hand position improved the accuracy of movements 

made toward both visual and proprioceptive targets. The current study confirms and extends 

these results, by indicating a persistent role of visual information of starting hand position in 

the planning of movement distance toward proprioceptive targets.
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Fig. 1. 
a Experimental set-up. On the right illustration, the projection screen is omitted for purpose 

of illustration. b Top view of a reaching movement performed toward a visual target. 

Subjects could not see their arm, depicted in dashed line for clarity. c Illustration of the 

nine experimental conditions. The hand and the dashed start circles were not visible by the 

subjects
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Fig. 2. 
Top view of reaching movements toward a visual target. a Representative hand paths under 

the different conditions. b Averaged movement distance as a function of starting location 

under veridical and visuo-proprioceptive mismatch conditions. Error bars represent between 

subject standard errors
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Fig. 3. 
Representative velocity (top) and acceleration (bottom) profiles of reaching movements 

toward a visual target under the experimental conditions. Profiles are synchronized to 

movement onset for sake of clarity. Insets represent averaged peak velocity and peak 

acceleration as a function of condition. Error bars represent between subject standard errors
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Fig. 4. 
Reaching movements toward a proprioceptive target, viewed from above. a Representative 

hand paths under the different conditions. b Averaged movement distance as a function of 

experimental conditions. Error bars represent between subject standard errors

Sarlegna and Sainburg Page 19

Exp Brain Res. Author manuscript; available in PMC 2023 December 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Representative velocity and acceleration profiles of reaching movements toward a 

proprioceptive target under the experimental conditions. Insets represent averaged peak 

velocity and peak acceleration as a function of experimental conditions. Error bars represent 

between subject standard errors
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Fig. 6. 
Mean sensory (visual and proprioceptive) contributions to peak acceleration, time to peak 

velocity and peak velocity variation (when reaching toward visual and proprioceptive targets
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